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本文研究了一种适用于水声通信的 HFM BOK 调制技术，HFM BOK 具有优
异的抗噪声、抗多径和抗多普勒频移特性。在保证系统可靠性的同时，本文着重
研究和仿真了 4 种能够有效提升 HFM BOK 通信速率的解决方法，包括基于频带
划分的多进制 BOK 调制技术，加入相移键控的 QBOK 调制技术，加入调频率键
控的多进制 HFM-Rate 键控调制技术，以及采用不同制式级联的 MFSK-MBOK





Chirp BOK 调制体制的优势和缺陷。 
2、分析和仿真了水声信道的背景噪声、多径效应和多普勒频移对 HFM 信号
和 Chirp 信号的影响，证明 HFM 信号有和 Chirp 信号类似的抗噪声、抗多径特
性，以及更好的抗多普勒特性，并以此为基础提出了基于 HFM 信号的扩频调制
系统 HFM BOK。 
3、为了解决 BOK 调制体系速率过低的问题，提出了单载波 MBOK、多载




















Underwater acoustic (UWA) channel is a very complex multipath propagation 
channel. The inherent characteristics, such as space-time-frequency varying, narrow 
bandwidth, high ambient noise, extensive multipath, large transmission delay, random 
fluctuation and Doppler frequency shift, etc., making the effectiveness and reliability 
performance of shallow water acoustic communication faces enormous challenges. 
Then it is necessary to introduce a new reliable communication technology that even 
under the low signal-to-noise ratio, multipath fading and Doppler shift condition, it 
still can ensure the system has a certain rate of information transmission. 
In this paper we study the HFM BOK modulation technology which is suitable 
for underwater acoustic communication. HFM BOK has excellent anti-noise, 
anti-multipath and anti Doppler shift characteristics. To ensure the reliability of the 
system, this paper focuses on four kinds of solution which can effectively improve the 
HFM BOK communication rate. The four solutions are M-ary BOK modulation 
technique based on frequency bands allocation, QBOK modulation technique based 
on absolute phase shift keying, MHrSK and MHrSOK modulation techniques based 
on frequency modulation rate shift keying, and MFSK-MBOK modulation technology 
which adopts different standard cascade. Last but not least, an underwater acoustic 
communication system developed by CVI has been tested by anti-noise experiments 
and pool multipath experiments. The experimental results show that the system is able 
to achieve a robust and reliable communication under the conditions of low 
signal-to-noise ratio and strong multipath. 
The main work of this dissertation is listed below:  
1. The systematic introduction to the principles and characteristics of underwater 
acoustic communication Chirp spread spectrum modulation system, then the paper 
















2. Describe the characteristics of the shallow water acoustic channel, and then 
discuss the influence of the background noise of underwater acoustic channel, 
multipath effects and Doppler frequency shift on the HFM signal and the Chirp signal 
and also with the simulations to prove that. Through all the above prove that the HFM 
signal compared to the chirp signal have the anti-noise characteristics of the 
anti-multipath and pulse compression, and better resistance to Doppler characteristics. 
Based on the above simulation results, presents the HFM spread spectrum modulation 
system and focuses on the principles and characteristics of HFM BOK. 
3. In order to solve the low rate problem of BOK modulation system, this paper 
proposed several solutions including single-carrier MBOK, multi-carrier MBOK, 
QBOK, MHrSK, MHrSOK, MFSK-MBOK-SC and MFSK-MBOK-MC. 
4. On the basis of the works above, with the use the core platform of CVI and the 
necessary peripherals, a set of communication system which based on the HFM signal 
under shallow water acoustic channel has been designed and implemented. The 
anti-noise and pool multipath experiments are made to test the actual communication 
performance of the communication system and the experimental results are obtained 
through the simulation results. 
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 面对传统扩频技术的不足之处，有人提出将 Chirp 扩频技术（CSS）应用于
水下通信当中[6]。与 FHSS 和 DSSS 不同，CSS 不需加入伪随机（PN）序列，而




















HFM 信号不仅具有 Chirp 信号的良好相关性的特性，更具有多普勒不变性[8]，能
够进一步改善水下通信系统的性能。 








把 Chirp 信号应用于通信领域的想法[10]，提出利用 Chirp 上调频信号和 Chirp 下
调频信号来传输二进制数据，并将其命名为二进制正交键控调制 BOK（Binary 
Orthogonal Keying）。1966 年，Hata 和 Gott 提出了基于 CSS 的 HF 传输系统[11]，
掀起了国外研究 CSS 的热潮，研究点主要集中在 LEO 卫星和地空通信方面。1973
年，Berni 和 Gregg[12]对比了 BOK 调制和传统调制方式的优劣性，发现在相干接
收条件下，BOK 的误码率性能介于 FSK 和 PSK 之间。可惜之后 CSS 的研究便
进入低谷。因为当时 Chirp 信号不便产生，且 DSSS 和 FHSS 有比 CSS 有更成熟
的实现算法，CSS 一般是作为 DSSS 增强抗频偏性能的补充。 
直到 1994 年，CSS 被 Tsai 和 Chang 再度提出用于室内无线通信，他们的研
究表明 CSS 通信系统能有效的降低多径效应的影响[13]。1998 年，Pinkley 和奥地
利的一个小组发表了两篇关于CSS的文章[14, 15]，提出了两种系统方案，使得Chirp
扩频技术开始被广泛应用与推广。2005 年，德国的 Nanotron 公司推出了一款基
于 Chirp 调制的芯片组[16]，可以用 10mW 的输出功率实现室外 900m，室内 60m，















把 CSS 技术列为标准之一[17]。 
CSS 技术在水声通信中的起步研究较晚。2008 年，意大利 GENOA 大学[6]
提出将 CSS 与 DSSS 的伪随机码相结合，以求降低多普勒频移，减小窄带干扰
和多径传播带来的码间干扰，提高系统的隐蔽性。从该团队的实验结果来看，二
进制Chirp扩频技术在恶劣的海洋环境中性能可靠，但传输速率极低，仅为15bps。






Chirp 信号优越。Benthos 公司[7]基于 HFM 信号的多普勒特性，设计了精确的同
步方案。中科院声学所[8]同样采用 HFM 信号作为同步信号设计。厦门大学[23, 24]











为海洋中声吸收系数   与工作频率   的呈平方比例相关。比如当      ，
          ；       ，          ；       ，          ；当通
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